
z 

. 4 -' 
i 

. 

. .  
i 

, XEROX 

EVIDENCE FOR 
. THE EFFECT OF 

CORPUSCULAR RADIATION 
N. THE IONOSPHERE - 

- - - - -.- - - - - - - 
BY 

F. MARIAN1 

GODOARD SPACE FLIGHT CENTER t 
GREENBLLT, MD. 60 s/$o? 

1 



, . "  

EVIDENCE FOR THE EFFECT OF CORPUSCULAR RADIATION 
ON THE IONOSPHERE 

by 
F .  Mariani 

Commissione I t a l i a n a  Per Le  Ricerche  S p a z i a l i  D e l  C . N . R . ,  Roma 
(+ I  I s t i t u t o  D i  F i s i c a ,  U n i v e r s i t a  D i  Roma 

+ Now at  Goddard Space F l i g h t  Center ,  G r e e n b e l t ,  Md., as 
NAS-NASA S e n i o r  Pos t -doc tora l  Research Associate .  



ABSTRACT 

The c o r r e l a t i o n  of m a x i m u m  e l e c t r o n  d e n s i t $  of F r e g i o n  

a t  noon w i t h  s o l a r  a c t i v i t y  i s  c a r e f u l l y  i n v e s t i g a t e d ,  

d u r i n g  t h e  years 1937-1957 f o r  bo th  long-term and month-to- 

month v a r i a t i o n s ,  i n  a l l  e x i s t i n g  o b s e r v a t o r i e s .  On t h e  

basis of noon-equilibrium between e l e c t r o n  l o s s  and i o n  

product ion  by s o l a r  r a d i a t i o n ,  t h e  presence  of an  i o n i z i n g  

e f f e c t ,  s t r o n g l y  dependent o f  the  s o l a r  a c t i v i t y  and peaked 

a t  l a t i t u d e s  of 55' t o  65' is  shown. 

T h i s  l a t i tud ina lva2 ia t ' imisugges t s  a c o r p u s c u l a r  

o r i g i n  of s u c h  i o n i z i n g  e f f ec t .  The p o s s i b l e  s o u r c e  of a 

c o r p u s c u l a r  f l u x  i s  d i s c u s s e d .  The energy of  t h e  i o n i z i n g  

p a r t i c l e s  is  i n  t h e  range of keVs. Q u a n t i t a t i v e  ev idence  

is  g iven  t h a t  Van A l l e n  b e l t s  could be a n  impor t an t ,  o r  

p o s s i b l y  t h e  main, s o u r c e .  
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EVIDENCE FOR THE EFFECT O F  CORPUSCULAR RADIATION 

ON THE IONOSPHERE 

by 

(*)  
F. Mariani  

Commissione I t a l i a n a  P e r  Le Ricerche Spazial i  D e l  C.N.R., Roma 
I s t i t u t o  D i  Fis ica ,  U n i v e r s i t a  D i  Roma 

1. I n t r o d u c t i o n  

Recent  s t u d i e s  (Mbriani 1959 and 1960, h e r e  i n d i c a t e d  as 

M 1  and M 2 )  on t h e  v a r i a t i o n s  o f  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  

i n  t he  F2 layer sugges t  some l a t i t u d i n a l  effect  i n  i t s  c o r r e l a -  

t i o n  w i t h  s o l a r  ac t iv i ty ,  i n  a d d i t i o n  t o  t h a t  which can  be 

c o r r e l a t e d  w i t h  t h e  l a t i t u d i n a l  and eleven-year  v a r i a t i o n s  of 

the  u l t r a v i o l e t  P a d i a t i o n  from t h e  sun. The i n t e r p r e t a t i o n  

of  these r e s u l t 8  is rather d i f f i c u l t  because t h e  exper imenta l  

data can be more o r  less a f f e c t e d  by o t h e r  t h a n  s o l a r  causes  

( l o c a l  v a r i a t i o n s  of a tmospheric  tempera ture  and winds ,  d i f f u -  

s i o n ,  e t c , )  . Moreover, i n  t h e  s t u d y  of long  se r ies  of iono- 

s p h e r i c  data, one cannot  completely e l i m i n a t e  t h e  " r e g u l a r "  

e f f e c t  due t o  t h e  s e a s o n a l  v a r i a t i o n  of z e n i t h a l  d i s t a n o e  of 

t h e  sun. Cons ider ing  t h e  above d i f f i c u l t i e s ,  it is  a p p r o p r i a t e  

t o  a p p l y  s ta t i s t ica l  methods t o  t h e  data o f  a l l  e x i s t i n g  observa- 

t o r i e s ,  which can give i n d i c a t i o n s  on a s y n o p t i c  basis. I n  

t h i s  w a y  l o c a l  i r r e g u l a r i t i e s  and systematic e f fec ts  i n  a 

number of  o b s e r v a t o r i e s  a r e  t h u s  e a s i l y  r e c o g n i z a b l e  and some 

g e n e r a l  conc lus ions  can be drawn. 

* Now a t  Goddard Space F l i g h t  C e n t e r ,  G r e e n b e l t ,  M d . ,  as 
NAS-NASA S e n i o r  Pos t -doc tora l  Research Associate. 



It is t h e  purpose of t h i s  paper t o  apply a statistical 

analysis t o  a l l  ionosphe r i c  data collected i n  t h e  two eleven-  

year per iods ,  1937-1947 and  1947-1957. 

2. Exper imenta l  data and method of a n a l y s i s  

I n  t h i s  sbudy, we used the  monthly median v a l u e s  of 

foF2 a t  noon f o r  abou t  seventy o b s e r v a t o r i e s ,  i nd ica t ed  

i n  Table 1, whose data a r e  published by t h e  CRPL of t h e  

N a t i o n a l  Bureau- of Standards o r  d i rec t ly  by the  o b s e r v a t o r i e s .  

Concerning the  data of s o l a r  ac t iv i ty  we used t h e  monthly 

means of f i n a l  sunspot  numbers and of sunspot  areas, p u b l i a e d  

by the  .obse rva to r i e s  of Z u r i c h  and Washington respectively; 

the monthly mean a r e a s  of hydrogen f i l a m e n t s  and bydkogen 

and ca lc ium f l o c c u l i ,  dedyced f r o m  the o h a r a a t e r  numbers 

m b l i s h e d  by the Ast rophys ioa l  Observatory of Arcetri; t he  

monthly v a l u e s  of he l iog raph ia  d i s t r i b u t i o n  of chromospheric  

ac t iv i ty  publ ished by t h e  observa tory  of Meudon. Details  

on the  above parameters of s o l a r  ac t iv i ty  are given elsewbere. 

The method of a n a l y s i s  is the same as i n  p rev ious  pape r s  

M 1  and  M 2 .  

Following is a list of symbols: 
2 

N = monthly median v a l u e s  of ( foF2)  , 
i n  ( M O / ~ ) ~  

N12 = seasona l  (twelve-month) v a r i a t i o n  of N 
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. 
r 

R = monthly mean of sunspot  number 

AR = monthly mean of  sunspo t  area 

AF = monthly mean of hydrogen-filament area 

= monthly mean of hydrogen-f loccul i  area 

= monthly mean o f  ca l c ium- f loccu l i  area 
A @H 

A @ca 
Ai = one of t h e  above q u a n t i t i e s  R ,  AR,  

AF,  etc.  

When t h e  above symbols have a bar ( f o r  example z, xF, e t c . )  

t h e y  r e p r e s e n t  t h e  c a l c u l a t e d  cor responding  va lue  f o r  t h e  

long-term (eleven-year)  v a r i a t i o n .  

3. The c o r r e l a t i o n  of F2 l a y e r  maximum e l e c t r o n  d e n s i t y  a t  

noon w i t h  s o l a r  a c t i v i t y  

W e  cons ide red  f o r  each observa tory  s imple  and double  

l i n e a r  r e g r e s s i o n s  of t h e  maximum e l e c t r o n  d e n s i t y  a t  noon 

w i t h  one s o l a r  parameter  Ai ( o r  two, d i f f e r e n t ,  Ai and A . )  

expressed  i n  t h e  a n a l y t i c a l  fo rm 
J 

57 = Ro (1 + cyi Xi) 
i 

f o r  long-term v a r i a t i o n s  o r ,  

f o r  a c t u a l  month-to-month v a r i a t i o n s .  
- 3 -  



The q u a n t i t i e s  Go and (N - N12)o, r e p r e s e n t  t h e  values  

deduced from t h e  s e c u l a r  v a r i a t i o n  and from t h e  month-to-month 

v a r i a t i o n  N - N12 a t  minimum s o l a r  a c t i v i t y  (A 

t h e  e l e c t r o n  d e n s i t y  f o r  an  a b s o l u t e l y  q u i e t  Sun. 

= 0 ) ,  i .8. i 

I n  M 1  we  found f o r  t h e  years 1947-1954 a remarkable 

dependence of 

f i l a m e n t s ,  a f t e r  e l i m i n a t i n g  t h e  dependence upon t h e  sunspot  

and N - N12 upon t h e  areas AF of hydrogen 

number; a rough conf i rma t ion  of t h i s  r e s u l t  w a s  ob ta ined  i n  

M2 from t h e  f e w  ava i lab le  data cor responding  t o  t h e  years 

1938-1944. Comparison of resu l t s  fblz n o r t h e r n  and s o u t h e r n  

hemispheres  i n d i c a t e d  a n o t i c e a b l e  asymmetry i n  t h e  c o r r e l a t i o n s  

wi th  AF, and i n  any  case a c lear  l a t i t u d i n a l  effect  w i t h  a 

minimum at  t h e  e q u a t o r .  

I n  o r d e r  t o  improve t h e  above r e s u l t s  and t o  s e a r c h  i f  

t h e y  a l s o  app ly  t o  o t h e r  phases of t h e  s o l a r  cycle, i n  t h i s  

paper  we i n v e s t i g a t e d  t h e  c o r r e l a t i o n s  o f  e l e c t r o n  d e n s i t i e s  

w i t h  as many as p o s s i b l e  s o l a r  parameters .  A t  first, we 

c a l c u l a t e d  the  s imple  c o r r e l a t i o n s  of t h e  e l e c t r o n  d e n s i t i e s  

w i t h  t h e  sunspot  number R ,  t h e  greas AR, AF, A$H and ABCa; 

a f t e r  we looked f o r  t h e  even tua l  e f f ec t s  of  t h e  p o s i t i o n  of 

t h e  p e r t u r b a t i o n  c e n t e r s  on t h e  s o l a r  d i s k ,  i n v e s t i g a t i n g  

some o o r r e l a t i o n s  w i t h  t h e  Meudon f i l a m e n t  a c t i v i t y .  

The r e s u l t s  of  such c a l c u l a t i o n s  as a whole g ive  a 

c o n c l u s i v e  conf i rma t ion  of a l a t i t u d i n a l  e f f ec t  of  t h e  
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r e g r e s s i o n  c o e f f i c i e n t s  i n  the  f o u r  y e a r  i n t e r v a l s  1938-1944, 

1944-1947, 1947-1954, 1954-1957 which cor respond a l t e r n a t i v e l y  

t o  d e c r e a s i n g  and i n c r e a s i n g  phases  of s o l a r  cycle. 

For  a f e w  o b s e r v a t o r i e s  we cou ld  have only q u a l i t a t i v e  

rather t h a n  q u a n t i t a t i v e  informat ion ,  e s s e n t i a l l y  because of 

lack of s u f f i c i e n t  data. These cases are n o t  i nc luded  i n  

the q u a n t i t a t i v e  r e s u l t s  w e  g ive  i n  t h e  n e x t  s e c t i o n s .  

W e  c o n s i d e r  s e p a r a t e l y  the  cases of t h e  lopg-term and 

month- to-mon t h  v a r i a t i o n s .  

3.1 The c a s e  of long-term v a r i a t i o n  R 

The p r i n c i p a l  r e s u l t s  are g iven  i n  F i g u r e s  1, 2 and 
- 

3 i n  which we show t h e  q u a n t i t i e s  Ro and cyi de f ined  by ( 1 )  

f o r  t h e  s imple  c o r r e l a t i o n s  of w i t h  t h e  sunspot  number 

( F i g u r e  l ) ,  t h e  area xF (F igure  2 )  and t h e  areas zmH and 

( F i g u r e  3 ) ,  r e s p e c t i v e l y .  I n  a l l  t h e  diagrams we  KiPCa 
i n d i c a t e d  on the a b s c i s s a e  a n  "effective" l a t i t u d e  d e f i n e d  

as ar i thmet ica l  mean of geographica l  and geomagnetic l a t i t u d e s .  

As w e  already found i n  M1,such a c h o i c e  leads t o  some 

r e d u c t i o n  of minor i r r e g u l a r i t i e s  i n  t h e  d i s t r i b u t i o n  of t h e  

p o i n t s  on the g raphs  and t a k e s  i n t o  some account  t h e  dependence 

of t h e  e l e c t r o n  d e n s i t y  upon both t h e  geograph ica l  and  geo- 

magnet ic  c o o r d i n a t e s ,  

- 5 -  



I n  the  l e f t  hand of eaoh f i g u r e  we  show t h e  v a l u e s  

of KO; i n  t he  r i g h t  one t h e  va lues  of Zi. 
c a l c u l a t e d  p o i n t s  the ampli tude of t h e  s t a n d a r d  e r r o r s  is  

For a l l  t h e  

g iven .  

A f irst  i n t e r e s t i n g  f e a t u r e  is t h e  rather symmetrioal 

d i s t r i b u t i o n  of Ro i n  the two hemispheres  f o r  l a t i t u d e s  

g r e a t e r  t han  20'. 

No exhibi ts  two r e l a t i v e  m a x i m a ;  t h e  maximum i n  t h e  n o r t h e r n  

hemisphere is rather l o c a l i z e d ;  t h e  p o s i t i o n  of t h e  s o u t h e r n  

I n  the t r o p i c a l  l a t i t u d e  b e l t  t h e  q u a n t i t y  
- 

hemisphere maximum does n o t  clearly appea r  because of t h e  

lack of s u f f i o i e n t  exper imenta l  data a t  t h o s e  l a t i t u d e s .  The 

occurrenue  of such m a x i m a i n  the t r o p i c a l  r e g i o n  is a long  

known f e a t u r e  of  F2 layer, 

W e  can also compare the l a t i t u d i n a l  v a r i a t i o n  of 
- 
No and t h e  annua l  mean of c o s  ,xnoon, where xnoon ia 
the  noon z e n i t h a l  d i s t a n c e  of t h e  sun .  The v a l u e s  of 

'Os Xnoon, 
i n t e n s i t y  and ,  f o r  t h e  F2 l a y e r ,  approximate ly  a l s o  , 

t o  the noon e l e c t r o n  d e n s i t y ,  have beeh c a l c u l a t e d  

which is p r o p o r t i o n a l  t o  t h e  noon i o n i z a t i o n  

(F igu re  4)  t a k i n g  i n t o  c o n s i d e r a t i o n  t h e  s p h e r i c i t y  

of t h e  ear th  and s u n l i g h t  a t  i o n o s p h e r i c  l e v e l s ,  

even d u r i n g  p o l a r  w i n t e r ,  a t  noon, i n  a l l  t h e  

n o r t h e r n  o b s e r v a t o r i e s .  By u s e  of p rope r  normal i -  

z a t i o n  factors, we ob ta in  a ra ther  good f i t  of the  

- 6 -  



exper imenta l  v a l u e s  8 

cos y 

Some anomalous v a l u e s  a r e  p r e s e n t  i n  t h e  l a t i t u d i n a l  

w i t h  t h e  annual  mean of 

f o r  l a t i t u d e s  h ighe r  than  30' - 35'. 
0 

noon 

d i s t r i b u t i o n  of zo, i n  p a r % i c u l a r  t h e  r a t h e r  h igh  v a l u e s  a t  

Huancayo and Leopo ldv i l l e ,  which are a t  o r  very c l o s e  t o  t h e  

geomagnetic e q u a t o r .  

such as upper  a tmospher ic  winds, anomalous tempera ture  o r  

c o n c e n t r a t i o n  d i s t r i b u t i o n ,  i n f luence  more o r  less t h e  

e l e c t r o n  d e n s i t y  so t h a t ,  a t  t h i s  s t a g e ,  we  t r y  t o  give a 

p h y s i c a l  meaning t o  t h e  general b e h a v i o r  rather t h a n  t o  some 

p a r t i c u l a r  anomaly, which has i n s t e a d  t o  be cons ide red  i n  

a more r e f i n e d  t h e o r y .  I n  t h e  p a r t i c u l a r  case o f  e q u a t o r i a l  

data, we remember t h a t  t h e  geomagnetic f i e l d  a l s o  exhibits 

an  anomalous behav io r  on t h e  geomagnetic e q u a t o r ,  due t o  t h e  

e q u a t o r i a l  e l e c t r o j e t  a t  ionospher ic  levels.  

General ly ,  as we said, l o c a l  c o n d i t i o n s  

W e  conclude t h a t  t h e  v a l u e s  E o ,  f o r  l a t i t u d e s  h i g h e r  

than  30' - 35' are  a rather good index  of  t h e  steady u l t r a -  

v i o l e t  r a d i a t i o n  a t  F2 layer l e v e l s .  

If we  take now i n t o  account  t h e  l a t i t u d i n a l  v a r i a t i o n  

of t h e  r e g r e s s i o n  c o e f f i c i e n t s  zi, assuming a dependence of 

N on the  s o l a r  ac t iv i ty  as given i n  ( l ) ,  we  would e x p e c t ,  

w i t h i n  t h e  s t a t i s t i ca l  and exper imenta l  e r r o r s ,  c o n s t a n t  

v a l u e s  a t  a l l  l a t i t u d e s .  This is n o t  t h e  case, because a 

remarkable l a t i t u d i n a l  e f f e c t  is a p p a r e n t .  

- 
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A first i n t e r e s t i n g  f e a t u r e  appear ing  i n  t h i s  

l a t i t u d i n a l  v a r i a t i o n  of t h e  c o e f f i c i e n t s  ai is  an  a p p r e c i a b l e  

d i f f e r e n c e  of t h e i r  values i n  the  n o r t h e r n  and sou the rn  

hemispheres, when we c o n s i d e r  t h e  c o r r e l a t i o n  of  

or xF. 
A,, 'OT AiPCa. 
n o r t h e r n  and sou the rn  hemispheres w a s  already shown i n  M 1  

d u r i n g  t h e  years 1947-1954. However, it may be on ly  a p p a r e n t ,  

due t o  t he  p a r t i c u l a r  cho ice  of t h e  s o l a r  parameters. 

A c t u a l l y ,  the  areas XBH and x+Ca may be a b e t t e r  index  of 

s o l a r  a c t i v i t y  t h a n  E and si,, used i n  M 1 .  

w i t h  w 
However, t h i s  is n o t  t he  case f o r  c o r r e l a t i o n 8  w i t h  

The e x i s t e n c e  of some d i f f e r e n c e  between 
- 

The most s u r p r i s i n g  f e a t u r e  of t he  l a t i t u d i n a l  

e f fec t  is t h e  s h a r p  maximum of Fi a t  l a t i t u d e s  of 55' - 60'. 

A t  first s i g h t ,  an  i n c r e a s e  of zi f o r  i n c r e a s i n g  l a t i t u d e s  

could  be due t o  t h e  dec reas ing  v a l u e s  of Bo. 
a n  e f f e c t  can t o  some ex ten t  a f f ec t  t h e  V a r h * f O n  of Yi, it 

does n o t  seem t o  be t h e  de te rmining  f a c t o r .  The r e a s o n  f o r  

t h i s  conc lus ion  is t h a t  a t  no r the rn  l a t i t u d e s  h i g h e r  t h a n  

60°, ai f irst  decreases remarkably and  very s t e e p l y  and  tbea 

r e c o v e r s  t o  t h e  e q u a t o r i a l  values. For  h i g h e r  southern 

l a t i t u d e s  t h e  decrease of cyi cannot be checked because of 

t h e  lack  of d a t a ;  on ly  f t s  i n c r e a s e  t i l  5 5 O . i ~  observed.  

Although such 

- 
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A s imple  phys ica l  explana t ion  of t h e  above l a t i t u d i n a l  

e f f e c t  could be given i n  terms of t w o  superimposed effects.  

The f i rs t  is a s o l a r  cyc le  v a r i a t i o n  of u l t r a v i o l e t  r a d i a t i o n ,  

which is p r e s e n t  i n  a l l  t h e  p l aces ,  t h e  o t h e r  is  a l a t i t u d i n a l  

v a r i a t i o n  probably  due t o  a corpuscular  r a d i a t i o n  d i r e c t l y  

o r  i n d i r e c t l y  coming from 6r  inf luenced  by t h e  sun. If t h i s  

is t h e  case, one can  s tudy  t h e  l a t i t u d i n a l  v a r i a t i o n  of t h e  

a b s o l u t e  f f co rpuscu la r f f  e f f e c t .  

W e  can w r i t e  equat ion ( 1 )  i n  t h e  form 

r 1 

where t h e  first t e r m  r e p r e s e n t s  t h e  f f u l t r a v i o l e t t t  effect  and  

t h e  last one t h e  f f co rpuscu la r t l  e f f e c t ;  t h e  q u a n t i t y  ai is  

assumed t o  be independent of the  l a t i t u d e .  A p o s s i b l e  v a l u e  

of ai may be t h e  mean of c a l c u l a t e d  Yi f o r  t h e  t r o p i c a l  b e l t  

o f  l a t i t u d e s ,  which is p r a c t i c a l l y  t h e  same as t h a t  f o r  v e r y  

high l a t i t u d e s .  

A c l e a r  l a t i t u d i n a l  e f f e c t  i s  aga in  appa ren t  n o t  
- -  

only  i n  Gi - ai, b u t ,  above a l l ,  i n  N o ( a i  - a i ) .  

f e a t u r e  g i v e s  f u r t h e r  evidence of a l a t i t u d e  effect  on t h e  

a b s o l u t e  i n t e n s i t y  o f  t h e  "corpuscularf1 e f f e c t .  For r e a s o n s  

of b r e v i t y  we do n o t  g i v e  d i a g r a m s  of so(ii - a i ) ;  i n  t h e  

fo l lowing ,  we w i l l  rather cons ider  t h e  c o r r e l a t i o n s  of month- 

T h i s  last  

to-month v a r i a t i o n  which we s tudy i n  the  nex t  s e c t i o n  and,f!$om 

t h e  p h y s i c a l  p o i n t  of v iew,are  much more s i g n i f i c a n t .  
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It should  be emphasized t h a t  t h e  Yi d i s t r i b u t i o n  

has  i t s  maximum a t  lower l a t i t u d e s  than  t h e  a u r o r a l  zone; 

t h e  l i n e s  of f o r c e  between the  geomagnetio l a t i t u d e s  30° 

and 65' c r o s s  the  e q u a t o r i a l  p l ane  a t  g e o c e n t r i o  d i s f a n o e s  

of abou t  1.4 and 5.5 earth 's  radii ,  i.e. of 2500 and 29,000 In 

on t h e  ground, A t  least from a q u a l i t a t i v e  p a i n t  of view, 

one could  t h i n k  i n  terms of some conneot ion  between oo rpuson la r  

i onosphe r i c  e f f e c t s  and Van A l l e n  r a d i a t i o n  be l t s .  W e  s h a l l  

c o n s i d e r  t h i s  p o i n t  i n  t h e  s e c t i o n  4.  

The double  c o r r e l a t i o n  w i t h  E and xF, d e f i n e d  by (2)  

w a s  a l s o  t e s t e d ,  for t h e  y e a r s  1944-1947 and 

1954-1957; t he  same double  c o r r e l a t i o n  w i t h  H 
and xF, f o r  t h e  years 1947-1954 w a s  a l ready-opns idered  

i n  M 1 .  For  t h e  l a t t e r  time i n t e r v a l  a l a t i t u d i n a l  

cons tancy  of BR and a l a t i t u d i n a l  va r i a$ lon  of vF 
w a s  e s t a b l i s h e d :  such a feature is n o t  oonfirmed 

dur ing  the t w o  inc reas ing  phases  of t h e  s o l a r  cycle, 

s o  tha t  i t  has  t o  be cons idered  as a non-permanent 

f e a t u r e  . 
3.2 The c a s e  of t h e  month-to-month v a r i a t i o n  N - Nqq 

T h i s  case  is more express ive  from the physical po in t  

of v iew,  because it t a k e s  i n t o  account  t h e  actual not-smoothed 

month-to-month v a r i a t i o n  of both  e l e c t r o n  d e n s i t y  and s o l a r  

parameters .  
- 10 - 



The r e s u l t s  of our  c a l c u l a t i o n s  are shown i n  

F i g u r e s  5 ,  6 and  7. I n  t h i s  c a s e ,  obvious ly ,  t h e  statist ical  

e r r o r s  are about  an  o r d e r  of magnitude g r e a t e r  t han  i n  t h e  

case of long-term v a r i a t i o n .  The e s s e n t i a l  f e a t u r e s  of t h e  

behav io r s  of (N - N12)o and cyi a re  w e l l  a p p a r e n t .  

s t a t i s t i ca l  improvement f o r  a s u f f i c i e n t  amount of i onosphe r i c  

A 
I 
I 

data can be ob ta ined  cons ide r ing  t h e  eleven-year  pe r iod  

1947-1957. The mean v a l u e s  of 5 f o r  c o r r e l a t i o n s  w i t h  monthly 
I 

values  of R and AF are a g a i n  g r e a t e r  i n  the n o r t h e r n  t h a n  

i n  t h e  sou the rn  hemisphere,  w h i l e  t h i s  is n o t  t h e  case f o r  

the c o r r e l a t i o n s  w i t h  Am= and AmCa ( F i g u r e  7 ) .  

If we a g a i n  assume a mean v a l u e  ai of cyi f o r  t h e  

k r o p i c a l  b e l t  of l a t i t u d e s ,  we can w r i t e  t h e  r e g r e s s i o n  

e q u a t i o n  (3) i n  t h e  form 

N - N12 = (N - N12)o [l + ai Ai + (mi - a i )  Ai] ,  ( 6 )  

Figure  8 shows t h e  1947-1957 behav io r  of I 

(N.- N12)o(wi - a i )  which  r e p r e s e n t s ,  as we have a l r e a d y  

seen ,  an  index  of t h e  a b s o l u t e  l a t i t u d i n a l  effect  on t h e  

i o n o s p h e r i c  e l e c t r o n  d e n s i t y .  
I 

Although t h e  s t a t i s t i c a l  e r r o r s  are much g r e a t e r  
I 
I 

because of t h e  combination of t h e  e r r o r s  on (N - N12)o w i t h  

t h o s e  on cui and ai, t h e  l a t i t u d i n a l  effect  is o l e a r l y  enhanced. 

- 11 - 



For the double  c o r r e l a t i o n  d e f i n e d  by ( e ) ,  hawever, 

we aga in  f a i l e d  t o  o b t a i n  r e e u l t s  having  some clear p h y s i a a l  

meaning. 

3.3 In orde r  t o  look  for an even tua l  dependence of 

i onosphe r i c  e l e c t r o n  d e n s i t y  upon t h e  h e l i o g r a p h i c  

l a t i t u d e  of t h e  p e r t u r b a t i o n  c e n t e r s  on t h e  s o l a r  

d i sk ,  we had the oppor tun i ty  of s tudy ing  t h e  data 

on f i l a m e n t s  act ivi ty  c o l l e c t e d  by t h e  obse rva to ry  

of Meudon, as a func t ion  of h e l i o g r a p h i c  c o o r d i n a t e s .  

Such data are g iven  f o r  each s o l a r  r o t a t i o n  period, 

so t h a t  we  had t o  express  them i n  terms of terrestrial 

months, making a weighted  mean as f o l l o w s :  i f  i n  

a te r res t r ia l  month there are con ta ined  n days of 

the 27 days of a s o l a r  r o t a t i o n  pe r iod  and m days of 

t h e  fo l lowing  r o t a t i o n  pe r iod ,  and x and y are t h e  

numbers whiah express t h e  f i l a m e n t  act ivi ty  for t h e  

two r o t a t i o n s ,  the  mean t e r r e s t r i a l - m o n t h  a a f i v i f y  
n x + m  

is n + m '* 

W e  have separately considered t h e  a c t i v i t y  of: 

p o l a r  f i l a m e n t s ;  (ii) e q u a t o r i a l  f i l a m e n t s ;  ( i i i )  

f i l a m e n t s  between t h e  h e l i o g r a p h i c  l a t i t u d e s  30' N 

t o  30' S ;  ( i v )  f i l a m e n t s  i n  the n o r t h e r n  s o l a r  

hemisphere; (v)  f i l a m e n t s  i n  t h e  sou the rn  s o l a r  

( i )  

hemisphere. 
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I n  each case, t h e  c o r r e l a t i o n s  we a t t empted  d.o.not 

s e e m  p h y s i c a l l y  s i g n i f i c a n t  because t h e  v a l u e s  of 

t h e  c o e f f i c i e n t s  of t h e  l i n e a r  r e g r e s s i o n s  ( 1 )  

and ( 3 )  exh ib i t  n o t i c e a b l e  and a t  a l l  i r r e g u l a r  

d i f f e r e n c e s  f o r  d i f f e r e n t  o b s e r v a t o r i e s ;  i n  many 

cases a l s o  n e g a t i v e  va lues  of so and (N - N12)o 

w e r e  ob ta ined .  

Based on t h e  p r e s e n t  i n v e s t i g a t i o n ,  no s i g n i f i c a n t  

c o r r e l a t i o n  between ionosphe r i c  F2 layer and 

l a t i t u d i n a l  d i s t r i b u t i o n  of s o l a r  act ivi ty  c e n t e r s  

a p p e a r s  t o  exist. 

4. T h e  i n t e r p r e t a t i o n  of the  l a t f t u d i n a l  effect  

4.1 On t h e  basis of t h e  conclus ion  drawn from t h e  r e s u l t s  

of s e c t i o n  3, we g i v e  a t e n t a t i v e  p h y s i c a l  i n t e r p r e t a t i o n  

of the l a t i t u d i n a l  e f fec t  accord ing  t o  the  fo l lowing  hypotheses :  

( i )  t h e  e f f ec t  is caused by a c o r p u s c u l a r  r a d i a t i o n  

impinging,  w i t h  a character is t ic  l a t i t u d i n a l  d i s t r i b u t i o n ,  upon 

t he  upper  atmosphere ; 

( i i )  t h e  c o r p u s c u l a r  r a d i a t i o n  has  a ra ther  l o w  

mean energy  (of t h e  order  of keVs o r  t e n s  of keV), so t h a t  it 

reaches the  200 k m  leve l ,  i .e.  t h e  F2 layer, b u t  does n o t  

n e c e s s a r i l y  reach t h e  E l a y e r  (Mar ian i ,  1967) ; 

( i i i )  t h e  i n t e n s i t y  of  t h e  r a d i a t i o n  depends ( a s  
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first approximat ion)  l i n e a r l y  on t h e  s o l a r  a c t i v i t y .  

F i r s t ,  we  estimate the  o r d e r  of  magnitude of t h e  

p a r t i c l e  f l u x  necessa ry  t o  g ive  the a c t u a l  i o n i z a t i o n  rate. 

We assume t h a t  a p a r t i c l e  l o s e s  a l l  i ts  energy i n  i o n i z a t i o n  

of n e u t r a l  p a r t i c l e s .  

In t h e  s t e a d y  s ta te  which we  m a y  assume f o r  t h e  F2 

layer a t  noon, w e  write t h e  equ i l ib r ium equat ion  i n  t h e  form 

I - bn ='D. e 

where I is t h e  product ion  r a t e ,  b is  t h e  effeotive recombina- 

t i o n  c o e f f i c i e n t  and ne t h e  e l e c t r o n  d p p i t y .  Noting t h a t  

t h e  m a x i m u m  vBlues of  t h e  r a t i o s  (wi - ai) /a i ,  a t  l a t i t u d e s  

of 55-60', have g e n e r a l l y  values between 1 and 2 ,  one osnoludes  

t h a t  t h e  e f f e o t s  of t h e  variable p a r t  of t h e  u l t r a v i o l e t  

r a d i a t i o n  and that  of t h e  corpuscular  r a d i a t i o n  are comparable.  

However, t h e  t o t a l  u l t r a v i o l e t  c o n t r i b u t i o n ,  p r o p o r t i o n a l  

t o  1 + a i A i ,  becomes more and more important  w i th  r e s p e c t  

t o  t he  co rpuscu la r  c o n t r i b u t i o n  as the s o l a r  act ivi ty  decrwses. 

A t  maximum s o l a r  a c t i v i t y  (convent iona l  v a l u e  of sunspot  

number R = 150) the q u a n t i t i e s  1 + ai Ai and ai - a 

t h e  same; i n  t h i s  p h y s i c a l  s i t u a t i o n ,  the  c o r p u s c u l a r  

i o n i z a t i o n  r a t e  IC is comparable t o  t h e  i o n i z a t i o n  rate Iu 

of  t h e  u l t r a v i o l e t  r a d i a t i o n .  

are about  i 
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Thus we have 

6 -3 so t h a t  i f  we p u t  b = loe4 sec-’ and ne = 10 c m  , i .e.  t h e  

i o n o s p h e r i c  layer has  a c r i t i ca l  f requency  f c  

we o b t a i n ,  a t  t he  h e i g h t  of maximum e l e c t r o n  d e n s i t y  ( i . e .  a t  

300-850 h): 

9 Mc/sec, 

cu N -3 -1 
Iu = IC = 50 ions c m  aec 

’ #  

W e  now make use of t h e  fact  t h a t  t h e  p h o t o i o n i z a t i o n  

rate a t  h e i g h t s  more t h a n  300 k m  decreases e x p o n e n t i a l l y  

(Watanabe and Hin te regge r ,  1962).  We assume t h a t  above 

t h i s  a l t i t u d e  5074 of  t h e  i o n i z a t i o n  is due t o  c o r p u s c u l a r  

r a d i a t i o n .  Thus an  estimate o f  t h e  t o t a l  c o r p u s c u l a r  i on iza -  

t i o n  i n  a s q u a r e  c m  column of a i r  above 300 lon, a t  middle 

l a t i t u d e s  can be Itotal = 2 x 10 i o n s  c m  sec-l. If t h e  

mean i o n i z a t i o n  l o s s  is  35 eV/ion-pair, t h e  cor responding  

k i n e t i c  energy f l u x  is  FT 7 x 10 e V  sec-’ 0.1 e r g  

c m  s e c  . For comparison the  t o t a l  e n e r g e t i c  f l u x  e n t e r i n g  

t h e  atmosphere,  assuming t h e  s o l a r  c o n s t a n t  = 2 ca l  c m  

min-’ is 1.4 x 10 e r g  cm-2 sec  . 

N 9 -2 

10 

-2 -1 

-2 

6 -1 

The above data a l l o w  a s imple  e v a l u a t i o n  of t h e  

o r d e r  of magnitude of t h e  r e q u i r e d  p a r t i c l e  f l u x .  I f  t h e  

p a r t i c l e s  can p e n e t r a t e  ve r t i ca l ly  t o  a minimum a l t i t u d e  of 

150 km, they have ,  if they are  e l e c t r o n s ,  a k i n e t i c  ene rgy  

T 1500 eV. However, t h e  e f f e c t  of  s c a t t e r i n g  and of t h e  
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geomagnetic f i e l d  is t h a t  t h e  pa th  of t h e  e l e c t r o n s  is no t  

a v e r t i c a l  s t r a i g h t  l i n e  so t h a t , o n  t h e  average ,  t h e y  s t o p  

a t  r a t h e r  hdgher a l t i t u d e s ,  i , e .  i n  t h e  F layer. The 

t o t a l  incoming e l e c t r o n  f l u x  Fe, a t  m a x i m u m  s o l a r  a c t i v i t y ,  

can  be e s t ima ted  as 

- FT 7 -2 F~ - 1500 5 x 10 e l e c t r o n s  cm seo - l  

The v e l o c i t y  o f  an e l e c t r o n  having  an energy  
9 T 1500 eV is v 2 - 3  x 10 cm sec-' so t h a t  t h e  par t ic le  

d e n s i t y  i n  t h e  inrooming stream is of t h e  o r d e r  of 

If such a co rpuscu la r  r a d i a t i o n  impinge uni formly  

t h e  upper  a tmosphere,  between t h e  l a t i t u d e s  of 30' and 

6 5 O ,  i.e. a s u r f a c e  of 1/3 of t h e  t o t a l  area of t h e  ear th ,  

t h e  t o t a l  incoming f l u x  is of t h e  o rde r  of e l e c t r o n s  

s e c  . -1 

I n  view of i t s  i n t e n s i t y ,  it does n o t  seem p o s s i b l e  

t o  a t t r i b u t e  such a f l u x  of e l e c t r o n s  t o  a pr imary souroe  

o t h e r  t han  t h e  sun. On t h e  o t h e r  hand, t h e  p a r t i c u l a r  

features  o f  t h e  l a t i t u d i n a l  e f f e c t  exolude t h a t  they are 

incoming d i r e o t l y  from t h e  sun a long  S t b r m e r - t r a j e o t o r i e s .  
0.  

As we said, we may assume t h a t  t h e  e l e o t r o n s  are l e a k i n g  

from the Van A l l e n  r a d i a t i o n  belts.  
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W e  had t h e  oppor tuni ty  t o  u s e  t h e  low energy e l e c t r o n  

f l u x e s  measured by Krasovsk i i  e t . a l .  (1962) and ,  more r e c e n t l y ,  

by O'Brien (1962).  During one p a s s  of Spu tn ik  3 K r a s o v s k i i  

r e p o r t e d ,  a t  45' of geomagnetic l a t i t u d e  an  energy f l u x  of 

dumped e l e c t r o n s  of energy  T 

c m  sec . The more systematic measurements of O'Brien 

made on I n j u n  I ,  gave median f l u x e s  of lo6  t r apped  e l e c t r o n s  

c m  

O'Brien r e p o r t s  average  energy f luxes  a t  t r apped  e l e c t r o n s  

w i t h  T 2 1 keV of t h e  o rde r  of 1 t o  10 e r g  sec-l. W e  

n o t i c e  t h a t  t h e  above assumed e l e c t r o n  energy of 1.5 k e V  is 

j u s t  t h e  ave rage  energy i f  we  assume, f o r  energy  2 1 k e V ,  a 

power l a w  d i f f e r e n t i a l  spectrum w i t h  an exponent y = 4 .  Thus, 

t h e  number f l u x e s  of t r apped  e l e c t r o n s  w i t h  mean energy  

T = 1.5 keV are of t h e  o r d e r  of  5 x 10 

" l i f e t imes"  of lo3  t o  10 

10 keV between loW2 and 1 erg 
-2 -1 

-2 sec-' w i th  T r 40 keV; corresponding t o  these  i n t e n s i t i e s ,  

9 cm-2 sec- l ;  w i t h  
4 sec,  as ca lcu la ted  by O'Brien f o r  

p a r t i c l e s  w i t h  T > 40 k e V  one g e t s  dumped e l e c t r o n  f l u x e s  

n o t  less than  lo5 t o  10 c m  s e c - l ;  t h e  cor responding  

energy  f lux-  a r e  n o t  l e s s  than  loy4 t o  loe3 e r g  c m  

6 -2 

-2  -1 sec . 
If one c o n s i d e r s  t h a t  t h e  measurements of O'Brien 

have been made i n  a p e r i o d  of reduced s o l a r  ac t iv i ty  ( R = 50) 

and t h a t  t h e  " l i f e t ime"  of very low energy e l e c t r o n s  may be 

s u b s t a n t i a l l y  lower than t h a t  e s t ima ted  f o r  e l e c t r o n s  w i t h  

T > 40 keV, we can e f f e c t i v e l y  c o n s i d e r  t h e  dumped e l e c t r o n  
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f l u x  from Van A l l e n  b e l t s  as an impor tan t  sou rce  ( o r  t h e  

s o u r c e )  of  t h e  c o r p u s c u l a r  r a d i a t i o n  i n  t h e  F2 layer. Some 

d i f f i c u l t y  could  a r i s e  from t h e  fact  t h a t  t h e  c o r p u s c u l a r  

i o n o s p h e r i c  effect  d e c r e a s e s  veIy  s h a r p l y  a t  l a t i t u d e s  

h i g h e r  t han  6 0 ° ,  whi le  i n  pyactice t h e  e l e s t r o n  f l u x e s  

measured by OvBrien  are n e a r l y  c o n s t a n t  a t  a l l  l a t i t u d e s  up 

t o  70°, corresponding  t o  a maximum g e o c e n t r i c  d i s t a n c e  of 

about  10 ear th  r a d i i ,  

- 

Concerning t h i s  p o i n t ,  we must have i n  mind t h a t  

ou r  r e s u l t s  give t h e  s i t u a t i o n  of  t h e  ionosphere  averaged  

on a s o l a r  cycle. One cannot  exc lude  some s m a l l  year t o  

year s h i f t  o f  t h e  l a t i t u d e  of maximum c o r p u s c u l a r  e f fes t ,  

i n  p a r 2 i c u l a r  towards lower l a t i t u d e s  as s o l a r  ac t iv i ty  

decreases. I f  t h i s  is t h e  case ,  one cam reasonab ly  assume 

t h a t  a t  maximum s o l a r  a c t i v i t y  t h e  maximum c o r p u s c u l a r  e f fec t  

m a y  occur  a t  h i g h e r  geomagnetic l a t i t u d e s ,  60 t o  65' or  even 

h i g h e r  

A f u r t h e r  q u a n t i t a t i v e  element  we can easily 

c a l c u l a t e  is t h e  i n t e g r a t e d  f l u x  o f  p a r t i c l e s  d u r i n g  t h e  

e n t i r e  e leven-year  s o l a r  ayole .  I f  we assume a libear 

long-term t i m e  v a r i a t i o n ,  and remember t h a t  t h e  above 

c a l c u l a t e d  f l u x  v a l u e s  re fe r  t o  t h e  maximum s o l a r  ac t iv i ty ,  

we  es t imate  t h a t  t h e  i n t e g r a t e d  e l e c t r o n  f l u x  e n t e r i n g  t h e  

upper  atmosphere may be e l e c t r o n s ,  

- 18 - 



The cor responding  i n t e g r a t e d  energy ,  assuming a 

mean energy of  k e V s ,  i s  t o  ergs .  

One immediately sees t h a t  t h e  above i n t e g r a t e d  

f l u x e s  of p a r t i c l e s  and energy r e p r e s e n t  on ly  a very s m a l l  

p a r t  of t h e  f l u x e s  u l t i m a t e l y  emi t ted  from t h e  sun d u r i n g  

i t s  f u l l  cycle of a c t i v i t y .  

4.2 F i n a l l y ,  w e  want t o  d r a w  a t t e n t i o n  t o  many experimen- 

tal  i n d i c a t i o n s  of  ra ther  i n t e n s i v e  p a r t i c l e  f2uxes  i n  t h e  

upper  atmosphere.  I t  is agreed t h a t  p o l a r  a u r o r a e  are  t h e  

r e s u l t  of c o r p u s c u l a r  r a d i a t i o n ,  a l though  i t s  o r i g i n  is  

n o t  f u l l y  understood.  

Antonova and Ivanov-Kholodny (1961) p o i n t  o u t  t h e  

p o s s i b i l i t y  of a co rpuscu la r  o r i g i n  of n i g h t t i m e  ionosphe r i c  

i o n i z a t i o n :  t h e i r  ca l cu la t ed  f l u x  of e l e c t r o n s  of - 100 e V  

would be l o l o  t o  lo1’ e l e c t r o n s  cm-2 sec-’ t o  which cor respond 

an  energy  f l u x  of 1 t o  10 e r g  cm-2 sec- l ;  t h e s e  e l e c t r o n  and 

energy  f l u x e s  a r e  lo3 t o  10  

Such h igh  f l u x e s ,  based on t h e  assumption of a h igh  v a l u e  

4 h i g h e r  t han  our  minimum estimates. 

of  t h e  l o s s  c o e f f i c i e n t  i n  t h e  F2 layer t o  c m 3  sec-l) 

are probably  ove res t ima ted ,  s ince t h e  actual c o e f f i c i e n t  

a p p e a r s  t o  be much smaller.  

S e v e r a l .  exper imenta l  r e s u l t s  (Bourdeau and Bauer, 

1962) i n d i c a t e  t h a t ,  a t  a l t i t u d e s  approximate ly  between 150 

and 350 k m ,  t h e  e l e c t r o n  tempera ture  is  h i g h e r  t han  t h e  i o n  

tempera ture .  
- 19 - 



Bourdeau (1962) po in t s  ou t  t h a t  "large f l u x e s  of 

q u a s i  e n e r g e t i c  p a r t i c l e s  which could  p rov ide  an  a d d i t i o n a l  

i o n i z a t i o n  s o u r c e  have been observed a t  some geograph ica l  

l o c a t i o n s  i n  t he  upper  atmosphere'' 

H a r r i s  and P r i e s t e r  (1962) ,  i n  t h e i r  c a l c u l a t e d  

t h e o r e t i c a l  models f o r  t h e  solar-cycle v a r i a t i o n  of t h e  

upper  a tmosphere, ,assume a n  u l t r a v i o l e t  heat s o u r c e  and a 

c o r p u s c u l a r  heat  s o u r c e ,  of almost equa l  magnitude, of t h e  

o r d e r  of some e r g  s e c - l ;  c o n t r a r y  t o  ou r  scheme, however, 

the assumed r a t i o  between co rpuscu la r  and u l t r a v i o l e t  

fluxes does n o t  vary dur ing  a s o l a r  cycle. 

W e  conclude t h a t  i f  t h e  e l e c t r o n  f l u x  we c a l c u l a t e d  

i n  4-1 is r e a l l y ' p r e s e n t  i n  the F2 layer, it cou ld  p o s s i b l y  

o r i g i n a t e  i n  t h e  r a d i a t i o n  belts; i n  any  case t h e  Van A l l e n  

be l t s  are a good r e s e r v o i r  of i o n o s p h e r i c  i o n i z i n g  p a r t i c l e s .  

Th i s  p o s s i b i l i t y  obvious ly  does n o t  exclude some o t h e r  

a c c e l e r a t i o n  mechanism a c t i n g  on v e r y  low energy  e l e c t r o n s  

%ormallyf l  p r e s e n t  i n  t h e  upper atmosphere:  f o r  example, 

one c o u l d  t h i n k  i n  terms of a n  e lectr ic  f i e l d ,  o n l y  o r  main ly  

i n  the l a t i t u d e  range  i n  which  t h e  c o r p u s c u l a r  effect is 

p r e s e n t .  From a g e n e r a l  p o i n t  of v i e w ,  it w i l l  be v e r y  

i n t e r e s t i n g  t o  s t u d y  t h e  even tua l  dependence of t h e  corpus-  

c u l a r  e f f ec t  -. upon the  l o c a l  t i m e ,  as has been done f o r  

the  p o l a r  a u r o r a .  A c t u a l l y ,  t h e  expe r imen ta l  parameter, t h e  

- 20 - 



F2 layer c r i t i ca l  f requency ,  is a more o r  lese approximate 

index  of u l t r a v i o l e t  and co rpuscu la r  r a d i a t i o n  o n l y  n e a r  

noon; a t  o t h e r  times, par t icu lar ly  d u r i n g  t h e  n i g h t ,  it is 

c o n t r o l l e d  p r i m a r i l y  by o t h e r  phenomena a8 t i m e  and h e i g h t  

v a r i a t i o n s  of recombinat ion or a t tachment  c o e f f i c i e n t s ,  

t empera tu re  v a r i a t i o n s ,  convective motions,  etc. so t h a t  

it cannot  be coneidered  an  even approximative index  of t h e  

incoming oorpuscu la r  r a d i a t i o n .  A t  p r e s e n t ,  t h e  first and 

more immediate exper imenta l  problem would be the  direct 

d e t e c t i o n  of very low energy  par t ic le  f l u x  a t  i o n o s p h e r i c  

levels ;  we hope t h a t  t h i s  can be made i n  t h e  n e a r  f u t u r e .  
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TABLE 1 

Obse rva to ry  G e  omag. Coord ina te s  Geograph. C oord i n a t  es 
L a t .  Long. L a t .  Long. 

Clyde 82N 1E 7 ON 291E 

R e s o l u t e  Bay 82 It 289" 75 " 265 '' 
Godhavn 80" 

Baker Lake 74" 

Narsassuaq  71" 

Reykjavik 70" 

32 I' 69" 

3 15 " 64 '' 
38" 61" 

71" 64 'I 

306" 

2 64 '' 
3 15 '' 
338" 

Church ill 69" 323 'I 59" 266" 

P o i n t  Barrow 68" 241" 71" 2 03 '' 
Tromso 67" 117" 70'' 19" 

Kiruna  65 '' 116" 68" 20" 

C o l l e g e  65 'I 
(Fa i rbanks )  

An ch o r a g  e 61" 

25 6 " 65 '' 

25 8" 61" 

148" 

210" 

I n v e r n e s  s 61" 83 '' 57" 35 6 " 

os l o  60" 11" 60 'I 100" 

Winnipeg 60" 323" 50" 263" 

Uppsala  59" 106 '' 60" 18" 

S t .  John 59" 21" 48" 307" 

P r i n c e  Ruper t  58" 2 83 '' 54" 230" 

O t t a w a  57" 

Leningrad 56" 

35 1 '' 45 " 

118" 60" 

2 84 " 

31'' 



C oord inat es Observatory Geomag. Coordinates Geograph . 
Lat. Long. Lat . Locpa 

Slough 54N 83E 5 1N 35 9E 

De Bilt 54" 89 52" 5 

Lindau 

Moscow 

Freibufg 

Washington 

Poitiers 

Schwarzenburg 

Adak 

Graz 

Tomsk 

San Francisco 

White Sands 

Baton Rouge 

Casablanca 

Wakkana i 

Alma Ata 

Port or ic o 

Akita 

Tokyo 

Yamagawa 

52" 

50" 

5 0-11 

5 0" 

49" 

48" 

47" 

47" 

45 If 

44 It 

41" 

41" 

38" 

35 'I 

33" 

30" 

29" 

25 It 

2 1" 

94" 

12 1 

90" 

35 0" 

82 

89 If 

240" 

97 

160'' 

298" 

316" 

334" 

,169" 

2 06 

152" 

2 

205" 

206" 

198" 

52 

55 

48 

39" 

47 It 

47 

52 

47 11 

56" 

37 

33 ' 1  

30" 

34 'I 

45 If 

43 

18" 

40" 

36 

31" 

10" 

37" 

8 

2 83 It 

0 

7 'I 

183 

15 

85 

238" 

253 I' 

269'I 

352 

142" 

77" 

2 93 

140" 

140" 

131" 

Dakar 21" 55 14 343 



Observa tory  G e  omag. Coordina tes  Geograph . C oord i n a t e  8 
L a t .  Long. L a t .  Long. 

Mau i 2 1 N  2683 2 1 N  2 03E 

I 
Panama 21" 348'' 9 " 280" 

~ 

D e l h i  19" 14 9 'I 29" 77 " 

Okinawa 

FoPmosa 

Ibadan 

Bombay 

D j i b o u t i  

Bagu io 

Madras 

Guam 

Ti ruchy 

Huancayo 

Leopoldvi  l l e  

Singapore  

Rarotonga 

Buenos Ayres 

Tananar ive  

Johannesburg 

Gape t own 

B r  is bane 

Fa lk l and  Is. 

15 

14" 

11" 

10" 

7 'l 

5 

3 

3 " 

1 " 

0.6s 

3 '( 
10" 

21" 

23 lt 

24'' 

27" 

33 

36" 

40" 

196" 

189" 

75 " 

144" 

114" 

189" 

150" 

212" 

14 8" 

354" 

84 " 

173 " 

274" 

9 lt 

113 It  

91 l' 

80" 

227 l1 

9 It 

26 '' 
25 I' 

7 " 

19" 

11" 

16 " 

13 " 

13 

11 

12s  

4 'I 

1 N  

2 1s 
35 'l 

19" 

26" 

34 " 

27" 

52 I' 

128" 

121" 

4 " 

73 " 

4 3  " 

121" 

80 '' 
145" 

79" 

285 '' 
15 " 

104 'I 

200" 

302 " 

48" 

28" 

18" 

153 

302" 



Observatory Ge omag. Coordinates Geograph. Coordinates 
L a t .  Long. L a t  . Long. 

Watheroo 42s 186E 3 OS 116E 

Canberra 44n 225" 35 149" 

Christchurob 48" 253" 44 l1 173 I' 

Hobart 52 225 l1 43 147" 

De cepc ion 52 7 l1 63 299" 

Port Lockroy 53 4 II  65 2 97 

Campbell Is. 57" 253" 53 169" 

Macquarie Is. 61" 243 54 15 9 

Terre Adelie 75 23 1 'I 67 If 140" 
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CAPTIONS FOR T'HE FIGURES 

Figure 1 - Correlation of the long-term variation R and E. 
On the abscissae, in this figure and in theqolZowiag 
figures 2 ,  3 ,  5, 6 ,  7 and 8, the "effective" 
latitude. 

Figure 2 - Correlation of the long-term variation 

Figure 3 - Correlation of the long-term variation 
and xF. 
and xBH. 

(upper graphs) and and KPCa (lower graphs). 
Figure i4 - Latitudinal variation of annual mean of cos 

(curve A) and of the amplitude of its seasonal 
variation (curve €3);  on the abscissae the geograpbi4 
cal latitude. 

Figure 5 - Correlation of month-to-month variation N-N12 and R. 
Figure 6 - Correlations of month-to-month variation N-N12 and AF. 
Figure 7 - Correlation of month-to-month variation N-N12 and 

Figure 8 - Latitudinal variation of (N-N12)o (ui - ai) for the 

*P" (upper graphs) and N-N12 and AaCa (lower graphs). 

eleven years 1947-1957. The values at latitude 
59' S rt2fer to the $years 1954-1957. 
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